In silico analysis of decomposed reflectances of C3 and C4 plants aiming at the effective assessment of crop needs," J. Appl. Remote Sens. 11(2), 026012 (2017), doi: 10.1117/1.JRS.11.026012. Abstract. By separating the surface and subsurface components of foliar hyperspectral signatures using polarization optics, it is possible to enhance the remote discrimination of different plant species and optimize the assessment of different factors associated with their health status. These initiatives, in turn, can lead to higher crop yield and lower environmental impact. It is important to consider, however, that the main varieties of crops, represented by C3 (e.g., soy) and C4 (e.g., maize) plants, have markedly distinct morphological characteristics. Accordingly, the influence of these characteristics on their interactions with impinging light may affect the selection of optimal probe wavelengths for specific applications making use of combined hyperspectral and polarization measurements. In this paper, we compare the sensitivity of the total (including surface and subsurface components) and subsurface reflectance responses of C3 and C4 plants to different spectral and geometrical light incidence conditions. This investigation is supported by measured biophysical data and predictive light transport simulations. The results of our comparisons indicate that the total and subsurface reflectance responses of C3 and C4 plants depict well-defined patterns of sensitivity for varying illumination conditions. We believe that these patterns should be considered in the design of high-fidelity crop discrimination and monitoring procedures.
Introduction
Plants are considered primary remote sensing targets due to their importance to sustain human and animal life. Not surprisingly, there has been a vast body of work devoted to the acquisition and analysis of plants' spectral data as well as to the modeling of their interactions with light at different scales, from individual leaves and canopies to entire landscapes covered by vegetation. 1 For the success of these applications, it is essential that stress factors, such as water and nutrient losses, can be effectively detected and timely addressed. These factors can result in changes in how plants absorb, transmit, and reflect light. Accordingly, the spectral signatures of their leaves can be used as physiological-status indicators and assist in the mitigation of the adverse effects triggered by the stress factors. These connections provide the basis for the increasing use of hyperspectral technology in the remote sensing of crops. [2] [3] [4] Stress factors affecting the physiological status of plants tend to have a dominant impact on the subsurface (diffuse) component of their reflectance since the surface (specular) component represents light that does not penetrate their foliar tissues. Using hyperspectral devices combined with polarization optics, one can perform examinations of changes in foliar subsurface reflectance, 5, 6 which, in turn, can potentially lead to more precise stress assessments. However, *Address all correspondence to: Gladimir V. G. Baranoski, E-mail: gvgbaran@cs.uwaterloo.ca it is important to consider that the main varieties of cultivated plants belonging to the C3 and C4 groups have distinct morphological characteristics that can affect their hyperspectral responses. 7 In this paper, which is an updated and extended version of a conference presentation, 8 we investigate the sensitivity of C3 and C4 plants' total reflectance (including surface and subsurface components) and subsurface reflectance to different illumination conditions. More specifically, we consider two species representative of these groups, namely soy (Soja hispida, also referred to as Glycine max L.) and maize (Zea mays L., commonly known as corn), respectively. While the former is characterized by bifacial leaves, the latter is characterized by unifacial leaves. We note, however, that there are C3 species characterized by unifacial leaves 9 and C4 species characterized by bifacial leaves. 10 Our investigation is based on in silico experiments in which we simulated light interactions with different leaf specimens representative of these two species. In these experiments, the specific morphological characteristics of soy and maize leaves were taken into account. Comparing the simulation results obtained for these two species, one can observe trends that should be taken into consideration by initiatives aimed at the interpretation of the plants' hyperspectral responses. We remark that the higher the reliability of these interpretations, the higher the fidelity of procedures for the discrimination and monitoring of crops using remote sensing technology. Fig. 1 The web interface for the ABM-B model 15 available through the Natural Phenomena Simulation Group Distributed (NPSGD) system. 17 Through this interface, researchers can configure biophysical parameters and execute light transport simulations involving plants characterized by bifacial leaves.
Materials and Methods

Simulation Framework Overview
Our in silico experiments were performed using predictive hyperspectral models of light interaction with bifacial and unifacial plant leaves, namely algorithmic bidirectional scattering distribution function (BDF) model for bifacial (ABM-B) plant leaves and algorithmic BDF model for unifacial (ABM-U) plant leaves, respectively. 11, 12 It is important to note that these models have been extensively evaluated through quantitative and qualitative comparisons of modeled results with actual measured data. 11, 13, 14 To allow the reproduction and extension of our investigation to other experimental conditions, we made these models and the supporting biophysical data (e.g., refractive indices and absorption coefficients) employed in this work accessible through an online system. 15, 16 Using this system, 17 researchers can configure simulation parameters (e.g., wavelength range and angle of incidence) as well as specimen characterization data (e.g., thickness and pigment contents) through web interfaces ( Figs. 1 and 2) and run the models. For the characterization of typical exemplars of soy and maize leaves, we used measured data 18 and observations reported in the literature. 11, 13, 14 In Table 1 , we provide a summary of the values assigned to these specimens' biophysical parameters during this investigation. Note that we refer to the soy specimens as S1 and S2 and the maize specimens as M1 and M2.
Within the ABM-B and ABM-U ray-optics formulations, a ray interacting with a given leaf specimen can be associated with any selected wavelength within spectral regions of interest in Fig. 2 The web interface for the ABM-U model 16 available through the NPSGD system. 17 Through this interface, researchers can configure biophysical parameters and execute light transport simulations involving plants characterized by unifacial leaves.
the visible and near-infrared (NIR) domains. Hence, these models can provide reflectance readings with different spectral resolutions. In terms of illumination and collection geometries, these models can provide bidirectional reflectance and transmittance quantities by recording the direction of the outgoing rays using a virtual gonioreflectometer. 19, 20 In addition, one can obtain directional-hemispherical reflectance and transmittance quantities by integrating the outgoing rays with respect to the collection hemisphere using a virtual spectrophotometer. 20, 21 The modeled curves depicted in this work correspond to directional-hemispherical reflectances obtained from the leaves' adaxial surfaces. In their computation, we considered a spectral resolution of 5 nm and employed 10 6 sample rays per wavelength.
Sensitivity Analysis
In our experiments, distinct illumination conditions were simulated by varying the wavelength of the impinging light and the angle of incidence, which is denoted by θ and specified with respect to the specimen's normal. To compare the total reflectance and subsurface reflectance of the selected specimens under these conditions, we performed a parameter differential sensitivity analysis, 22,23 also known as direct sensitivity analysis method. It consists of the computation of the sensitivity index (SI) originally introduced by Hoffman and Gardner 24 to account for uncertainties in environmental assessment models. It provides the ratio of the change in the output to the variation in the selected parameter while all other parameters remain fixed. An SI equal to 1.0 indicates complete sensitivity (or maximum impact), while an SI less than 0.01 indicates that the output is insensitive to variations in the parameter. 24 In our work, the SI is used to provide the ratio of the change in reflectance to the variation in the angle of incidence, and it is expressed as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 1 1 6 ; 1 2 1
where ρ 0 corresponds to a baseline reflectance curve computed considering θ ¼ 0 deg and ρ θ represents a reflectance curve computed considering a specific value assigned to θ. Since the SI refers to pairs of data points, we computed the mean sensitivity index (MSI) for the spectral regions of interest, namely visible (400 to 700 nm), NIR-A (700 to 1300 nm), and NIR-B (1300 to 2500 nm), to assess the mean ratio of the change in reflectance to the variation in the angle of incidence. This index is expressed as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 1 1 6 ; 6 8 7
where N is the total number of wavelengths sampled with a 5-nm resolution within a selected spectral region. When comparing a pair of reflectance curves obtained considering two different angles of incidence, one can assess the impact of this angular variation in absolute or relative terms. For example, by visually inspecting the two sets of curves as shown in Fig. 3 , one can verify that an angular variation from 0 deg to 60 deg results in larger absolute differences ½jρ 0 ðλ i Þ − ρ θ ðλ i Þj among the total reflectance curves than among the subsurface reflectance curves [ Fig. 4(a) ]. However, when one examines the SI values computed for these two sets of curves [ Fig. 4(b) ], one can verify that in relative terms the angular variation from 0 deg to 60 deg has a larger impact on portions of the subsurface reflectance curves. It is important to note that MSI, differently from other metrics, such as root-mean-square error, is associated with the relative differences among data points instead of the absolute differences among these points. Hence, our use of the MSI metrics in this investigation can be seen as a qualitative complement to the quantitative comparisons among reflectance curves obtained considering different angles of incidence. Fig. 3 (a) Total reflectance and (b) subsurface reflectance curves computed for the soy specimen S1 considering two angles of incidence: 0 deg and 60 deg. The curves were obtained using the ABM-B model 15 and the data provided in Table 1 . Fig. 4 (a) Absolute difference and (b) SI values computed for the total reflectance and subsurface reflectance curves depicted in Fig. 3 .
Results and Discussion
The results of our experiments for the soy and maize specimens are presented in Figs. 5 and 6, respectively. As expected, as we increase the angle of incidence from 0 deg to 60 deg, the total reflectance increases for both groups of specimens due to the stronger contribution of the surface component. Within this angular range, it can also be observed that the variations on subsurface reflectance were substantially less pronounced than the corresponding variations in total reflectance. Although these aspects seem to indicate that the selected bifacial C3 and unifacial C4 specimens present the same behavior with respect to the dependence of their total reflectance and subsurface reflectance on the angle of incidence, a closer examination of their hyperspectral responses across the visible, NIR-A, and NIR-B spectral regions, supported by the computation of the corresponding MSI values within these regions, reveals distinct qualitative trends. As it can be verified in the MSI values provided in Fig. 7 , while the sensitivity of the bifacial C3 Fig. 5 Total reflectance (surface and subsurface components) and subsurface reflectance curves computed for the soy specimens (a) S1 and (b) S2 considering three angles of incidence: 0 deg (top row), 30 deg (middle row), and 60 deg (bottom row). The curves were obtained using the ABM-B model 15 and the data provided in Table 1 .
specimens' total reflectance to variations in the angle of incidence is markedly dominant in the visible region, the sensitivity of the unifacial C4 specimens' total reflectance is more balanced across the three spectral regions of interest. These observations also apply to the selected specimens' subsurface reflectance as indicated by the MSI values provided in Fig. 8 .
The MSI values provided in Figs. 7 and 8 also reveal distinct magnitude trends for the selected specimens. More specifically, the sensitivity of the bifacial C3 specimens' subsurface reflectance is more dominant in the visible region than the sensitivity of their total reflectance in the same region. For example, while the ratios of visible to NIR-B MSI values computed for the bifacial C3 specimens' total reflectance are equal to 2.75 (for S1) and 3.35 (for S2) considering an angle of incidence equal to 45 deg, the corresponding ratios for the bifacial C3 specimens' subsurface reflectance are equal to 11.74 (for S1) and 13.87 (for S2). On the other hand, as it was verified with respect to the sensitivity of the unifacial C4 specimens' total reflectance, the sensitivity of their subsurface reflectance is more balanced across the three spectral regions of Fig. 6 Total reflectance (surface and subsurface components) and subsurface reflectance curves computed for the maize specimens (a) M1 and (b) M2 considering three angles of incidence: 0 deg (top row), 30 deg (middle row), and 60 deg (bottom row). The curves were obtained using the ABM-U model 16 and the data provided in Table 1 . Table 1 . Table 1. interest. For example, the ratios of visible to NIR-B MSI values computed for the unifacial C4 specimens' total reflectance are equal to 1.34 (for M1) and 1.57 (for M2) considering an angle of incidence equal to 45 deg. Similarly, the corresponding ratios for the unifacial C4 specimens' subsurface reflectance are equal to 1.31 (for M1) and 1.67 (for M2). We note that these magnitude trends are also observed with respect to the other angles of incidence considered in this investigation.
Clearly, the success of remote sensing applications involving the discrimination and monitoring of crops depends on the correct understanding about the optical properties of the target species. Such an understanding, in turn, is derived from theoretical and applied investigations supported by measured foliar spectral data. These data are often obtained at low angles of incidence, with angles between 2.5 deg and 15 deg being commonly employed in investigations reported in the literature. 14, 18, [25] [26] [27] [28] To aggregate the results of these investigations in a meaningful manner, it is necessary to examine whether these angular variations may have a significant impact on the measured spectral quantities and how this impact may vary for the two main groups of cultivated species.
While variations in the angle of incidence up to 15 deg had a minor impact (close to or below the insensitivity threshold of 0.01) on the selected bifacial C3 specimens' total reflectance (Table 2) , they had a more noticeable impact on the selected unifacial C4 specimens' total reflectance (Table 3 ). These aspects are further illustrated by the reflectance plots as shown in Fig. 9 . In addition, these variations had also a minor impact on the selected bifacial C3 specimens' subsurface reflectance for measurements performed in the NIR-A and NIR-B regions (Table 2) . However, the same cannot be claimed for the selected unifacial C4 specimens (Table 3) . These distinct sensitivity behaviors are also further illustrated by the reflectance plots as shown in Fig. 10 .
These observations suggest that, for readings obtained considering an angle of incidence below 15 deg, angular variations tend to have a larger impact on the spectral responses of unifacial C4 specimens. Although this impact may not seem substantial when one visually inspects curves considering a relatively large spectral region (e.g., Figs. 9 and 10), close examinations of the resulting reflectance changes within specific spectral domains show that these changes may be significant when compared to the corresponding changes observed in the responses of bifacial C3 specimens. This aspect is illustrated by the plots presented in Fig. 11 . Accordingly, these distinct sensitivities to angular variations should be taken into account during investigations based on the measurement of subtle changes on foliar spectral responses.
Finally, we remark that, despite the significant morphological differences between bifacial C3 and unifacial C4 specimens, these plants share a similar dependence on the light absorbers 20 Accordingly, NIR-A responses are relatively less susceptible to angular variations affecting the path of light interacting with these Fig. 10 Subsurface reflectance curves computed for specimens (a) S1 and (b) M1 considering two angles of incidence. The curves were obtained using the ABM-B and ABM-U models 15 and the data provided in Table 1 . Fig. 11 Zoom-in of total subsurface reflectance curves computed for specimens (a) S1 and (b) M1 in the visible domain and considering two angles of incidence. The curves were obtained using the ABM-B and ABM-U models 15 and the data provided in Table 1 . Fig. 9 Total reflectance curves computed for specimens (a) S1 and (b) M1 considering two angles of incidence. The curves were obtained using the ABM-B and ABM-U models 15 and the data provided in Table 1 Tables 2 and  3 , changes in NIR-A reflectance due to variations on the angle of incidence tend to be more significant for unifacial C4 specimens than for bifacial C3 specimens, even for relatively small angles of incidence (up to 15 deg) as it can be also observed in the plots presented in Figs. 9 and 10.
Conclusion
The in silico experiments described are by no means exhaustive, and any generalization regarding their outcomes may be premature. Nonetheless, our findings suggest that procedures devised to obtain information about plants' physiological status based on their hyperspectral responses should be flexible enough to account for the distinct morphological characteristics of plants belonging to C3 and C4 groups. Otherwise, the same procedure or apparatus capable of providing high-fidelity results for a plant belonging to one group may lead to unreliable interpretations for a plant belonging to the other.
The effectiveness of indicators of plants' physiological status, such as the subsurface reflectance to transmittance ratio employed by Vanderbilt et al., 6 depends on how these quantities are obtained, especially when multiple measurements are performed for different specimens. In these cases, small angular variations may introduce errors in the computation of these indicators. Our findings also suggest that, for measurements performed at more conspicuous low angles of incidence [specified with respect to the specimen's normal (Sec. 2.2)], the magnitude of these errors can be higher for unifacial C4 specimens than for bifacial C3 specimens. As future work, we plan to expand our in silico experiments to other representative species belonging to the C3 and C4 groups, and to investigate aspects involving the spatial distribution of the light propagated by these plants.
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